Abstract
Introduction
Earth Pressure Balance (EPB) tunnelling machines excavate the soil with a rotating cutterhead, through which the soil passes into a pressurized head chamber. A screw conveyor extracts the soil from the head chamber, allowing control of the volume of soil excavated by the machine to balance the earth pressure in the head chamber. By this process the excavated soil in the pressurized head chamber supports the ground during excavation to provide stability and minimize ground movements. Recently, there has been much research that intends to develop a robust controller for system under conditions of uncertainty, parameter changes, and disturbances [1] . Lee and Yu (1997) have defined a dynamic programming problem (thus accounting for feedback) to determine the control sequence minimizing the worst case cost. They show that with the horizon set to infinity this procedure guarantees robust stability. However, the approach suffers from the 'curse of dimensionality' and the optimization problem at each stage of the dynamic program is non-convex. Thus, in its generality the method is unsuitable for on-line (or even off-line) use except for low order systems with simple uncertainty descriptions [2] . Huang described a new method for increasing the computational efficiency of nonlinear robust model-based predictive control. It is based on the application of neuro-fuzzy networks and improves the computation efficiency by arranging the online optimization to be done offline. The offline optimization is realized by offline training a neurofuzzy network, consisting of zero-order T-S fuzzy rules, which is designed to approximate the inputoutput relationship of a robust model-based predictive controller [3] . Pannocchia proposed a novel robust model predictive control (RMPC) algorithm, which is guaranteed to stabilize any linear time-varying system in a given convex uncertainty region while respecting state and input constraints [4] . Wang proposed an alternative robust model predictive control (MPC) design method based on the use of a generalized objective function [5, 6] . Mayne developed robust output feedback model predictive control model, in which the overall controller consists of two components, a stable state estimator and a tube based, robustly stabilizing model predictive controller. The proposed robust output feedback controller requires the online solution of a standard quadratic program [7] .
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The aim of the paper is to propose controlling model of bulkhead pressure and validate the effectiveness of controlling method through numerical simulation. The control of face support is a major issue in EPB shield tunneling. Continuous support of the tunneling face must be provided by the excavated soil itself, which should completely fill the working chamber. The required support pressure at the tunneling face will be achieved through shoving the shield forward-by means of hydraulic jacks-against the soil mass and regulation of the screw conveyor-rotation. The support pressure has to balance the earth pressure and the water pressure. The analysis of face stability of shallow circular tunnels driven by the pressurized slurry or earth pressure balanced shield requires the determination of the pressure to be applied by the shield. This pressure must avoid both the collapse (active failure) and the blow-out (passive failure) of the soil mass near the tunnel face. With the increase of the shield tunnel diameter, the excavated volume is increased dramatically and the probability of excavation in complicated stratum with different types of soil layers increases greatly too. Figure 1 shows computational model for face stability. Figure 2 and 3 depict ground settlement or uplift outline induced from lower or higher face pressure.
Control
Earth pressure balance shields provide continuous support of the tunnel face using freshly excavated soil, which completely fills up the work chamber under pressure. The supporting pressure is achieved through control of the incoming and outgoing materials in the chamber, i.e., through regulation of the screw conveyor rotation and the excavation advance rate. The equilibrium condition occurs when the conditioned ground in the working chamber reaches the maximum density for the acting pressure and the volume of the material extracted from the screw conveyor equalizes the theoretical one removed by the cutterhead. In this condition the pressure released by cutting face of the EPBS should be equivalent to the earth pressure and the ground ahead of the cutterhead remains in elastic domain. Figure 4 illustrates three kinds of modes for earth pressure computation. 
Controlling model derivation from mechanical analysis
Earth pressure balance shields provide continuous support of the tunnel face using freshly excavated soil, which completely fills up the work chamber under pressure. The face pressure in static state can be expressed as follows:
Where p f is face pressure, z is deposit depth, γ is unit weight of soil,
is the coefficient of earth pressure, ΔF is the increment of thrust force of jacks, in which the increment is equal to zero while the bulkhead pressure is in equilibrium state that means the face pressure is in between active and passive earth pressure and the ground surface never deforms. The openings ratio of cutterhead of shield machine affects the bulkhead pressure distribution and amplitude and causes pressure decrement from face to bulkhead. The relationship can be expressed as follows:
Where λ is pressure transfer coefficient, in which it is less than 1.0. p b is bulkhead pressure. The relationship between pressure transfer coefficient and openings ratio of cutterhead can be expressed as follows： 0.134 1.038 (30% 72%)
Where η is openings ratio of cutterhead. The bulkhead pressure may change even if the incoming muck from cutterhead is equal to outputting muck from screw conveyor because the cutterhead rotates and the relative location of measuring points fixed on the bulkhead varies with respect to openings of rotating cutterhead of shield machine. Figure 5 shows the pressure difference between face pressure and bulkhead pressure. The dynamic system of bulkhead pressure of shield machine is described by the following discrete state-space model [9] .
Where E t is the tangent modulus of soil，v is the speed of shield machine tunneling, A is the sectional area of the shield machine body ， h is screw pitch, ω is angular velocity of screw, η is volumetric efficiency, A s is effective area of the screw conveyor. V c
∈ is volume of headchamber, Δt is time increment. The controlled output and the manipulated input are subject to the following constraints:
Where ω and F ∆ are feasible domains of controlled variables.
Model reference controls for bulkhead pressure in shield tunneling
Earth pressure balance machines support the face with pressure from the mass of conditioned soil within the machine head chamber and screw conveyor. The objective function is minimized in order to obtain the optimum control input that is applied to the dynamic system [8] . 
Where p r
is reference trajectory of bulkhead pressure, which is determined by using finite element method. Taking the derivative of J with respect to ω and ΔF and setting them to zero gives the following set of equations. (
In order to determine the expected bulkhead pressure, numerical simulation is developed with finite element method based on Duncan and Chang nonlinear constitutive model for conditioned soil. Figure 6 shows the location of measurement point on the bulkhead of chamber. Table 1 and 2 give main parameters of the screw conveyor and shield machine for case study, which simulates some tunneling operation with shield machine in Shenyang city, Liaoning province, China. Figure 7 shows comparison between reference trajectory and system output. Figure 8 shows the variation of speed of screw conveyor versus time. Figure 9 shows the variation of increment of thrust force of jacks versus time. 
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